The adhesion of pathogens to tissues and implanted devices, and the subsequent formation of biofilms on these surfaces, represents the primary step of many microbial infections.^[@ref1]−[@ref4]^ Because biofilm-associated microbes are resistant to many antimicrobial agents, there is an urgent need to better understand the molecular basis of biofilm formation and to develop new therapeutic approaches, such as antiadhesion molecules. An example of a biofilm-forming species is *Pseudomonas aeruginosa*, an opportunistic pathogen that causes a variety of infections, including severe respiratory infections of cystic fibrosis patients.^[@ref5]^ Several surface-associated adhesion molecules, including flagella, pili, outer membrane proteins, lipopolysaccharides, and exopolysaccharides, mediate attachment of *P. aeruginosa* to epithelial cells and to abiotic surfaces such as contact lenses and catheters, thus contributing to the virulence of this pathogen.^[@ref5]^

Pili are nanoscale protein filaments that decorate the surface of many bacteria.^[@ref6]−[@ref10]^ While pili from Gram-positive bacteria are covalent polymers in which the attachment of the subunits (pilins) to each other is made through sortase-catalyzed covalent bonding, Gram-negative pili are formed by noncovalent interactions between pilins. Pili fulfill numerous important functions that determine the survival, spread, and success of bacteria in nature. Notably, pili can display bacterial cell adhesion proteins (adhesins) that bind to other bacteria, host tissue, and abiotic substrates, thereby leading to host colonization and biofilm formation.^[@ref6],[@ref7]^ For example, the PilY1 protein of *P. aeruginosa* has been proposed to be a pilus-associated adhesin required for colonization of epithelial cells.^[@ref11],[@ref12]^

One of the most extensively studied examples of Gram-negative pili is the type IV pilus, known to play key roles in the pathogenicity of species like *Neisseria gonorrheae* and *P. aeruginosa*.^[@ref6]^ These pili are strong, flexible rod-like filaments of 5--8 nm in diameter and 1--2 μm in length. Pilin subunits are assembled through interactions between their conserved N-terminal α-helices, forming a hydrophobic core in the filament that is believed to provide extreme mechanical strength. In *P. aeruginosa*, type IV pili are believed to be a major virulence-associated adhesin. Recent models suggest that the pilin subunits from *P. aeruginosa* are organized along either a right-handed one-start helix with a 41 Å pitch and four subunits per turn or a left-handed three-start helix with also four subunits per turn. Because of its extension from the cell surface, the pilus is believed to be responsible for the initial contact between the bacterium and the epithelial cell surface. Type IV pili bind to the glycolipids asialo-GM1 and asialo-GM2 on epithelial cell surfaces.^[@ref6],[@ref13]^ The pilin receptor-binding site is only exposed at the tip of the pilus filaments.^[@ref6]^ Pili represent potential vaccine targets because specific antibodies could potentially block the attachment of *P. aeruginosa* to the host cell receptors.^[@ref6]^ To date, we know little about the adhesion and nanomechanics of type IV pili.

Single-molecule techniques have provided new insights into the nanobiophysics of pili from various species.^[@ref14]−[@ref21]^ Specifically, type IV pili from *N. gonorrheae* have been shown to exert retractile forces involved in twitching motility and host cell adhesion, presumably through filament disassembly into the inner membrane.^[@ref20]^ Cooperative retraction of bundled pili can generate forces in the nanonewton range that could be critical for bacterial surface interactions.^[@ref21]^ Here, we use atomic force microscopy (AFM) to quantify the nanoscale forces guiding the adhesion of *P. aeruginosa* type IV pili to biotic and abiotic surfaces. Chemical force microscopy (CFM)^[@ref22]^ and single-cell force spectroscopy (SCFS)^[@ref23],[@ref24]^ experiments show that type IV pili display constant force responses that are engaged in the adhesion of the bacteria to hydrophobic substrates and to host epithelial cells.

Results and Discussion {#sec2}
======================

Chemical Force Microscopy Unravels the Mechanical Response of Type IV Pili {#sec2.1}
--------------------------------------------------------------------------

Previous work has shown that *P. aeruginosa* binds to various abiotic surfaces such as contact lenses and catheters.^[@ref25]−[@ref31]^ Yet, whether the direct adhesion and nanomechanics of type IV pili could play a role in such nonspecific interactions is unclear. To address this issue, we used CFM with tips functionalized with hydrophobic groups to quantify the mechanical properties of individual pili ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).

![Quantifying the nanomechanics of type IV pili on living bacteria using chemical force microscopy. (a,b) AFM deflection images of wild-type *P. aeruginosa* bacteria recorded in buffer (a) and in air (b), showing that surface appendages can only be visualized in air. Adhesion force histogram (c) and rupture length histogram (d) obtained by recording force curves in M63 medium between a hydrophobic tip and the polar region of a wild-type *P. aeruginosa* cell (*n* = 1024 curves). Adhesion values in (c) correspond to the largest adhesion forces observed in each curve, while rupture lengths in (d) correspond to the last rupture events. All curves were obtained using a contact time of 100 ms, a maximum applied force of 250 pN, and approach and retraction speeds of 1.0 μm s^--1^. Similar data were obtained using three different tips and three cells from different cultures. (e,f) Stretching individual pili yields constant force plateaus: (e) typical plateau curves composed of a region at zero force followed by a progressive, nonlinear increase in the force (red arrows) to reach the constant force regime, and (f) histogram of the average plateau forces (*n* = 90 curves from three experiments). As illustrated in the right panel, force plateau signatures are believed to result from force-induced conformational changes within the pili. (g,h) Stretched pili also show single linear force peaks, indicating that they behave as nanosprings: typical linear force peak signatures (g) and histogram of maximum adhesion forces (*n* = 61 curves from three experiments) (h) as well as quantification of spring-like properties, estimation of pilus spring constant *k*~p~ (h; inset). Superimposition of 10 curves shows that spring-like properties are highly reproducible.](nn-2014-044383_0002){#fig1}

Before performing the CFM analyses, we checked for the presence of pili on *P. aeruginosa* by imaging wild-type (WT) bacteria with a silicon nitride tip ([Figure [1](#fig1){ref-type="fig"}a,b](#fig1){ref-type="fig"}). Pili were never observed when the cells were imaged in a liquid medium, as they were likely too flexible ([Figure [1](#fig1){ref-type="fig"}a](#fig1){ref-type="fig"}). However, bacteria imaged in air clearly showed pili on the cell poles. Pili showed an average length of 1.1 ± 0.3 μm and diameter of 4.2 ± 1.1 nm. These dimensions are consistent with previous electron microscopy and AFM analyses showing that *P. aeruginosa* type IV pili have a diameter of 4--6 nm.^[@ref15]^ Note, however, that we cannot exclude that pili might have become thinner upon drying.

Multiple force--distance curves were recorded in liquid medium between the poles of WT *P. aeruginosa* bacteria and hydrophobic tips ([Figure [1](#fig1){ref-type="fig"}c--h](#fig1){ref-type="fig"}). As can be seen in the adhesion force and rupture length histograms of [Figure [1](#fig1){ref-type="fig"}c,d](#fig1){ref-type="fig"}, a substantial fraction of the force curves (15% from *n* = 1024 curves) showed adhesion forces of 50--250 pN magnitude and 50--2000 nm rupture length. The shape of the curves did not substantially change from one cell to another. We attribute the measured adhesive signatures to the hydrophobic binding of cell surface pili as (i) these features were never observed on pili-less mutant cells (see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and text below for details), and (ii) the extended rupture lengths (up to 2000 nm) are consistent with the average pili length. Consistent with our AFM images, type IV pili in *P. aeruginosa* have been reported to be at one end of the cell and relatively low in number (∼5),^[@ref15]^ as opposed to bacterial species with peritrichous pili, which can have tens to hundreds of such pili. It is therefore very likely that the force signatures are associated with individual pili. Hence, our CFM data demonstrate that (i) *P. aeruginosa* type IV pili mediate bacterial attachment to hydrophobic surfaces, and (ii) they are mechanically strong as they can sustain forces up to 250 pN. This latter finding agrees well with earlier single-molecule work on type IV pili from *N. gonorrheae*, showing that pili can resist forces in the range of 100 pN.^[@ref20],[@ref32]^

![Control experiments demonstrate that constant force plateaus and nanospring behaviors originate from type IV pili. Representative forces curves obtained in M63 medium between hydrophobic tips and the polar region of different mutant strains of *P. aeruginosa*: (a) Δ*flgK* strain (7% plateau forces and 12% single adhesions; *n* = 1024 curves), (b) Δ*pilA flgK*::Tn5 strain (0% adhesion), (c) WT/pPilY1 strain (6% plateau forces and 7% single adhesions), and (d) Δ*pilY1 flgK::*Tn5 strain (0% adhesion). All curves were obtained using a contact time of 100 ms, a maximum applied force of 250 pN, and approach and retraction speeds of 1.0 μm s^--1^. Similar data were obtained using three different tips and three cells from different cultures.](nn-2014-044383_0003){#fig2}

Notably, a portion (4% of the curves) of the force signatures obtained for stretched pili displayed constant force plateaus with a mean magnitude of 154 ± 43 pN (mean ± SD from *n* = 90 plateaus from several independent experiments) ([Figure [1](#fig1){ref-type="fig"}e,f](#fig1){ref-type="fig"}). Most plateaus were preceded by a region of zero force followed by a progressive, nonlinear increase in the force ([Figure [1](#fig1){ref-type="fig"}e](#fig1){ref-type="fig"}, red arrows) to reach the constant force region. Several observations suggest that this unique mechanical response is due to force-induced conformational changes within individual pili. First, earlier AFM studies on P-pili and type I pili from Gram-negative bacteria^[@ref14],[@ref16],[@ref33]^ have shown that they readily elongate under force to yield constant force plateaus, a behavior resulting from the uncoiling (unfolding) of their helical quaternary structure. However, as type IV pili do not show such helical conformation, it is unclear whether they are capable of unfolding at constant force. Second, using a combination of optical and magnetic tweezers and AFM, Biais *et al.*([@ref32]) showed that when type IV pili from *N. gonorrheae* are subjected to a force of ∼100 pN, they transition into a unique conformation, much longer and narrower than the original structure. They also showed that the force-induced conformation reveals hidden epitopes previously buried in the pili, providing a means for the bacteria to maintain attachment to the host while withstanding intermittent forces. Accordingly, our data are consistent with a mechanism in which *P. aeruginosa* type IV pili respond to force by transitioning into an extended quaternary structure that may expose hidden residues capable of promoting adhesion. Alternatively, it is possible that this change in pilus structure could act as a mechanical signal that the microbe has engaged and is firmly attached to a surface.

Another mechanical signature of special interest (11% of the curves) was the existence of single linear force peaks of 92 ± 41 pN (*n* = 61 curves from independent experiments) ([Figure [1](#fig1){ref-type="fig"}g,h](#fig1){ref-type="fig"}), suggesting that the pili behave as nanosprings. We further quantified the mechanical behavior of individual pili by estimating their spring constant ([Figure [1](#fig1){ref-type="fig"}h](#fig1){ref-type="fig"}). Using the slope (*s*) of the linear portion of the raw deflection *versus* piezo displacement curves and the following equation, *k*~p~ = (*k*~c~ × *s*)/(1 -- *s*), in which *k*~p~ and *k*~c~ are the pili and AFM cantilever spring constants, we found that the pilus spring constant was *k*~p~ = 2.0 ± 0.5 pN nm^--1^. The high reproducibility of these values suggests that they reflect an intrinsic mechanical extension of the pilus. Our results are reminiscent of the behavior of type IV pili from *N. gonorrheae*, which also showed linear force peaks suggested to originate from the stacking energy of the α-helices in the center of the fiber.^[@ref32]^ Pili from the Gram-positive bacterium *Lactobacillus rhamnosus* GG (LGG) also showed nanospring properties with spring constants in the range of 4--15 pN nm^--1^,^[@ref18]^ thus not too different from the values of *P. aeruginosa* pili. However, the nanosprings of LGG pili are able to sustain larger forces compared to those of *P. aeruginosa*, consistent with the notion that, unlike Gram-negative pili, Gram-positive pili are formed by covalent polymerization and are stabilized by internal isopeptide bonds. We suggest that the spring behavior of type IV pili may be of biological importance as it may help *P. aeruginosa* to withstand physiological shear forces while being attached to its host.

Plateau and Spring Signatures Are Associated with Type IV Pili {#sec2.2}
--------------------------------------------------------------

Do the observed force signatures (force plateaus, spring behaviors) represent the direct mechanical response of type IV pili, or could they also originate from other cell surface components? To answer this question, several control experiments were performed using different bacterial mutants. To rule out the possible contribution of flagella, we first analyzed a mutant strain impaired in flagellar production (Δ*flgK*; [Figure [2](#fig2){ref-type="fig"}a](#fig2){ref-type="fig"}). Similar levels of force plateaus (7% from *n* = 1024 curves) and spring signatures (12%) were observed, indicating that flagella do not influence the measured adhesion forces. By contrast, a double mutant also lacking the structural pilin PilA did not show any adhesion (0% adhesion events from *n* = 1024 curves) ([Figure [2](#fig2){ref-type="fig"}b](#fig2){ref-type="fig"}), revealing that plateau and spring signatures originate from type IV pili.

Next, we asked whether the cell surface protein PilY1 could play a role in the measured nanoscale adhesion forces. PilY1 has been demonstrated to be required for type IV pilus biogenesis and for a robust pili-associated attachment of *P. aeruginosa*.^[@ref12]^ PilY1 is present at the cell surface and has also been proposed to be a pilus-associated adhesin.^[@ref11],[@ref12]^ A strain overexpressing PilY1 (WT/pPilY1, [Figure [2](#fig2){ref-type="fig"}c](#fig2){ref-type="fig"}) showed the same adhesion profiles as the WT (6% force plateaus, 7% spring behaviors; *n* = 1024), thus suggesting that PilY1 *per se* does not directly contribute to adhesion. Additionally, a strain impaired in PilY1 production (Δ*pilY1 flgK*::Tn5, [Figure [2](#fig2){ref-type="fig"}d](#fig2){ref-type="fig"}) led to a complete loss of adhesion, an effect that we attribute to the lack of pili in view of the role of PilY1 in pilus assembly.^[@ref34]^ All together, these experiments demonstrate that plateau and spring signatures originate from type IV pili, with flagella and PilY1 playing no direct role in these events.

Single-Cell Analysis Shows That Type IV Pili Mediate Adhesion to Hydrophobic Surfaces {#sec2.3}
-------------------------------------------------------------------------------------

We next used SCFS to quantify the forces engaged in the adhesion of single bacteria to abiotic surfaces ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). Single cells were picked up with colloidal probe cantilevers coated with polydopamine, which does not alter their viability.^[@ref24]^ Force--distance curves were measured between these individual cells and methyl- ([Figure [3](#fig3){ref-type="fig"}a](#fig3){ref-type="fig"}, inset) or hydroxyl-terminated substrates. These hydrophobic (water contact angle of 110°) and hydrophilic (30°) surfaces reflect both natural surfaces and surfaces associated with infection. For example, catheters and plastic contact lenses are hydrophobic, while metal implants are hydrophilic.

![Single-cell force spectroscopy of the interaction between *P. aeruginosa* and hydrophobic substrates. (a, Inset) To quantify single-cell adhesion forces, living *P. aeruginosa* bacteria (blue) were attached on polydopamine-coated colloidal probes (pink). (a,c) Adhesion force histograms, (b,d) rupture length histograms, and representative retraction force profiles obtained by recording multiple force--distance curves between three different WT cells (red, green, and blue) and hydrophobic substrates at 100 ms contact time (a,b; *n* = 495, 957, and 442 curves for each cell) and 1.1 s contact time (c,d; *n* = 396, 177, and 863 curves). The inset in (b) shows an enlarged view of the force plateau signatures. The curves were obtained using a maximum applied force of 250 pN and approach and retraction speeds of 1.0 μm s^--1^.](nn-2014-044383_0004){#fig3}

[Figure [3](#fig3){ref-type="fig"}a,b](#fig3){ref-type="fig"} shows the adhesion force and rupture length histograms and representative force curves obtained at short contact time (100 ms) between three different WT cells and hydrophobic substrates. The general features of the curves did not substantially change when recording consecutive force curves on different spots of the substrate or when using cells from independent cultures. Also, only small variations of adhesion frequency, mean adhesion force, and mean rupture length were observed from one cell to another. All of the curves showed well-defined, single or multiple force peaks of 250--750 pN magnitude with 50--250 nm rupture lengths ([Figure [3](#fig3){ref-type="fig"}b](#fig3){ref-type="fig"}, bottom curve). In addition, some curves (4%; *n* = 950) showed constant force plateaus of 100--250 pN magnitude ([Figure [3](#fig3){ref-type="fig"}b](#fig3){ref-type="fig"}, top curves and inset) similar to those seen by CFM, presumably reflecting the mechanical response of pili.

As cell adhesion often strengthens with increased time of interaction,^[@ref23],[@ref35],[@ref36]^ we also measured single-cell adhesion forces using a contact time of 1.1 s. For the interaction between WT bacteria and hydrophobic substrates, [Figure [3](#fig3){ref-type="fig"}c,d](#fig3){ref-type="fig"} shows that increasing the contact time generally increased the mean adhesion force, up to 3000 pN, while the rupture lengths were not really affected and the number of force plateaus did not significantly increased (6%, *n* = 396). We note that there was substantial variation of adhesion forces from one cell to another, suggesting some heterogeneity in the cell population at these longer times. Further increase of the interaction time had little effect on adhesion.

To gain further insight into the nature of the short-range (adhesion peaks) and long-range (force plateaus) adhesion forces, two additional experiments were conducted ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). Although there were some variations from one cell to another, some interesting observations emerged. Measuring the forces between pili-less bacteria (Δ*pilY1 flgK*::Tn5 mutant) and hydrophobic substrates had a modest effect on the magnitude of the short-range adhesion forces (50--500 pN *vs* 250--750 pN) but completely abolished the long-range force plateaus ([Figure [4](#fig4){ref-type="fig"}b](#fig4){ref-type="fig"}), thus indicating that pili play a major role in long-range interactions. Other cell surface constituents such as lipopolysaccharides and outer membrane proteins may play a role in mediating short-range attachment to hydrophobic substrates.^[@ref5]^ Consistent with the findings for the WT strain, the interaction between pili-less bacteria (Δ*pilY1 flgK*::Tn5) and hydrophobic substrates ([Figure [4](#fig4){ref-type="fig"}c,d](#fig4){ref-type="fig"}) strengthened with time; however, compared to WT bacteria, the effect was less pronounced as the largest adhesion forces were ∼1000 pN (*vs* ∼3000 pN).

![Role of pili and substrate chemistry in controlling *P. aeruginosa* single-cell adhesion. (a,c) Adhesion force histograms, (b,d) rupture length histograms, and representative retraction force profiles obtained by recording multiple force--distance curves between cells from the pili-less mutant (Δ*pilY1 flgK*::Tn5) and hydrophobic substrata at 100 ms (a,b; *n* = 906, 539, and 502 curves for each cell) and 1.1 s (c,d; *n* = 132, 592, 320 curves) contact time. (e,g) Adhesion force histograms, (f,h) rupture length histograms, and representative retraction force profiles obtained by recording multiple force--distance curves between WT cells and hydrophilic substrata at 100 ms (e,f; *n* = 159, 250, 217 curves for each cell) and 1.1 s (g,h; *n* = 211, 179, and 251 curves for each cell) contact time.](nn-2014-044383_0005){#fig4}

Interestingly, force curves obtained between WT bacteria and hydrophilic substrates showed poor short-range adhesion (7--16% *vs* 94--100% on hydrophobic substrates), while force plateaus were still observed ([Figure [4](#fig4){ref-type="fig"}f](#fig4){ref-type="fig"}). Contact time had little effect on hydrophilic substrates ([Figure [4](#fig4){ref-type="fig"}g,h](#fig4){ref-type="fig"}), implying that time-dependent adhesive interactions are hydrophobic in nature.

In light of these single-cell data, we propose a mechanism for the adhesion of *P. aeruginosa* to hydrophobic surfaces involving two types of interactions: strong, short-range cohesive interactions originating from tight, time-dependent hydrophobic interactions between cell surface constituents (*e.g.*, membrane proteins) and the substrate, and weaker, long-range interactions involving extension and force-induced conformational changes of type IV pili.

Role of Type IV Pili in the Attachment to Pneumocytes {#sec2.4}
-----------------------------------------------------

As a key function of *P. aeruginosa* type IV pili is to promote bacterial attachment to host cells, we also measured the interaction forces between single bacteria and the surface of living pneumocytes ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). [Figure [5](#fig5){ref-type="fig"}a,b](#fig5){ref-type="fig"} shows correlative AFM and fluorescence images of an A549 pneumocyte in buffer, respectively. The AFM image reveals the central round nucleus surrounded by the flattened cytoplasm and membrane and the underlying cytoskeleton structures.

![Single-cell force spectroscopy of the *P. aeruginosa*--host interaction. (a) AFM deflection image a living A549 pneumocyte cell in buffer (inset: higher magnification of the smooth area). (b) Correlative fluorescence image (inset: corresponding DIC image) of the cell labeled with the fluorescent dye CFSE (green). (c) SCFS was used to quantify the adhesion forces between single *P. aeruginosa* bacteria (blue) and pneumocytes. For each pneumocyte tested, force curves were recorded on at least three different spots. (d,f) Adhesion force histograms, (e,g) rupture length histograms, and representative retraction force profiles obtained by recording multiple force--distance curves at 1.1 s contact time between WT cells and A549 pneumocytes using a pulling speed of 1.0 μm s^--1^ (d,e; *n* = 192 and 434 curves for each cell) and 10.0 μm s^--1^ (f,g; *n* = 231 and 223 curves). (h,i) Force data obtained for Δ*pilY1 flgK*::Tn5 mutant bacteria at 10.0 μm s^--1^ pulling speed (*n* = 180 and 146 curves). As illustrated in the cartoons, long-range constant force plateau interactions of two types are observed with WT bacteria: "rough" plateaus reflecting the extension of bacterial pili (e, right panel) and "smooth" plateaus associated with the extraction of host membrane tethers (g, right panel). With Δ*pilY1 flgK*::Tn5 bacteria, however, only smooth plateaus are observed (i, right panel).](nn-2014-044383_0006){#fig5}

Force--distance curves were obtained between single WT bacteria and flat regions of the pneumocytes ([Figure [5](#fig5){ref-type="fig"}c](#fig5){ref-type="fig"}) while varying the pulling speed as this parameter is known to be important for animal cell adhesion.^[@ref37]^ At low pulling speed (1.0 μm s^--1^; [Figure [5](#fig5){ref-type="fig"}d,e](#fig5){ref-type="fig"}), many curves showed adhesion force peaks of 50--500 pN magnitude with sequential rupture events and rupture distances of 250--500 nm. Similar behaviors were observed from one bacterium to another. This profile, different from the "hydrophobic profile" ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}), indicates that multiple bonds were formed and did not all rupture simultaneously during detachment.

Following the short-range adhesion peak, constant force plateaus were frequently observed (29% from a total of 434 curves), with rupture lengths up to 4000 nm. Importantly, force plateaus with two different shapes were observed, that is, "rough plateaus" that showed substantial force fluctuations along the plateaus and were preceded by a region of zero force (16%; [Figure [5](#fig5){ref-type="fig"}e](#fig5){ref-type="fig"}, top curve) and "smooth plateaus" that showed less fluctuations and directly originated from the short-range adhesion peaks without being preceded by a region of zero force (13%; [Figure [5](#fig5){ref-type="fig"}e](#fig5){ref-type="fig"}, middle curve). We suggest that rough plateaus are due to the force-induced extension of type IV pili, just as observed for hydrophobic substrates, while smooth plateaus would reflect the extraction of membrane tethers from the host cells. This latter interpretation is supported by previous investigations showing that the characteristics of our smooth plateaus are very similar to those reported for membrane tethers on different cell lines,^[@ref19],[@ref37],[@ref38]^ including A549 pneumocytes.^[@ref39],[@ref40]^ Specifically, the mean tether force (*i.e.*, force step before rupture) was 62 ± 11 pN (*n* = 20 curves), which is close to values reported for A549 tethers at a similar pulling speed.^[@ref39],[@ref40]^ The lifetime of the bacterial--host bond is given by the tether length divided by the tip velocity. Therefore, the formation of membrane tethers between the pathogens and host cells may substantially increase the lifetime of the interaction, thus favoring host colonization.

As shown in [Figure [5](#fig5){ref-type="fig"}f,g](#fig5){ref-type="fig"}, increasing the pulling speed (10.0 μm s^--1^) led to an increase of the short-range adhesion forces (250--1000 pN *vs* 50--500 pN). In addition, force plateaus were more frequently observed (59%; *n* = 231), as reflected by the substantial increase in rupture lengths (up to 5000 nm). Close inspection of these plateaus revealed that many of them were smooth, thus presumably reflecting the formation of membrane tethers. This is consistent with earlier work showing that tethers are preferably formed at high pulling velocity.^[@ref39],[@ref40]^

Finally, force curves were obtained for pili-less bacteria (Δ*pilY1 flgK*::Tn5) to further substantiate the origin of the force plateaus ([Figure [5](#fig5){ref-type="fig"}h,i](#fig5){ref-type="fig"}). Mutant bacteria showed adhesion frequency and maximum adhesion forces that were similar to WT bacteria. However, rough plateaus were lacking while smooth plateaus were still observed, thus demonstrating that the two signatures are associated with host cell membranes and bacterial pili, respectively.

Taken together, our findings favor a model in which the adhesion of *P. aeruginosa* to pneumocytes involves a complex interplay of molecular interactions: (i) short-range cohesive interactions, most likely hydrophobic in nature, and originating from the tight contact between the bacterial surface and the host membrane; (ii) long-range constant force interactions originating from the binding and force-induced extension of type IV pili; and (iii) long-range constant force interactions due to the formation of host tethers. We postulate that both pili extension and tether formation provide a means for *P. aeruginosa* to increase the lifetime of the bacterial--host interaction and to withstand shear stress conditions. As shown for *N. gonorrheae* pili,^[@ref32]^ extended pili may expose hidden epitopes; these newly exposed regions may include adhesive residues capable of binding to host cells.

Conclusions {#sec3}
===========

An important challenge in biology is to understand how bacterial pili respond to mechanical force and how this response is used to achieve cellular functions. Our nanoscale experiments demonstrate that, upon interaction with a hydrophobic surface, *P. aeruginosa* type IV pili exhibit unique mechanical properties, that is, constant force plateaus most likely resulting from force-induced conformational changes, and linear force peaks reflecting nanospring behaviors. These features enable individual pili to sustain forces up to 250 pN, thus helping the bacteria to withstand shear forces in the physiological environment. Adhesion of *P. aeruginosa* to host cells involves a complex mix of interactions: short-range cohesive interactions between the bacterial outer membrane and the host membrane, and long-range constant force interactions reflecting the extension of bacterial pili and the extraction of host tethers. These findings emphasize the key role that type IV pili mechanics play in controlling bacterial attachment to biotic and abiotic surfaces. Our work may have important implications in nanomedicine, for the development of vaccines and antiadhesion molecules capable of blocking the pilus activity.

Methods {#sec4}
=======

Bacterial Strains and Cell Cultures {#sec4.1}
-----------------------------------

The following *P. aeruginosa* strains were used in this study: *P. aeruginosa* PA14 wild-type carrying plasmid pMQ80 (WT, SMC3018); the Δ*flgK* deletion strain carrying vector pMQ80 (Δ*flgK*, SMC6103); the WT strain carrying a plasmid with the pMQ80 backbone expressing a C-terminally His-tagged PilY1 (WT/pPilY1; SMC3733); the double mutant *flgK*::Tn5 del-*pilA* (Δ*pilA flgK*::Tn5; SMC6589); and the double mutant *flgK*::Tn5 del-*pilY1* (Δ*pilY1 flgK*::Tn5; SMC6076).

Strains SMC3018 and SMC3733 were constructed as part of a previous study,^[@ref34]^ while strains SMC6103, SMC6589, and SMC6076 were constructed for this study. In-frame deletion mutants were constructed *via* allelic exchange as described by Shanks *et al.*([@ref41]) The Δ*pilA flgK*::Tn5 mutant (SMC6589) was generated by conjugating *Escherichia coli* S17 transformed with a pMQ30-*pilA* knockout construct (SMC3772)^[@ref34]^ with *P. aeruginosaflgK*::Tn5 (SMC 257).^[@ref42]^ Integrants were isolated on gentamicin (30 μg/mL) and nalidixic acid (20 μg/mL), followed by sucrose counter-selection. Resolved integrants were confirmed by PCR and sequencing.

Strains were cultivated overnight in lysogeny broth (LB, Sigma) at 37 °C with shaking at 200 rpm. Gentamycin (20 μg mL^--1^, Sigma) was added for culturing strains WT/pMQ80, WT/pPilY1, and Δ*flgK*/pMQ80. For biofilm induction,^[@ref35]^ overnight cultures were diluted 1:100 in M63 complete medium containing 3 g L^--1^ KH~2~PO~4~ (Fisher), 7 g L^--1^ K~2~HPO~4~ (Fisher), 2 g of (NH~4~)~2~SO~4~ (Sigma), supplemented with 1 mM MgSO~4~ (Sigma), 0.2% glucose (Sigma), 0.5% Casamino acids + 0.2% arabinose, and incubated 10 h at 37 °C and 200 rpm.

Human A-549 type II pneumocytes were obtained from the American Type Culture Collection (ATCC, Manassas, VA). They were cultivated in Ham's F-12K medium (Sigma) supplemented with 10% (v/v) heat-inactivated bovine serum (Sigma) containing 50 U mL^--1^ of penicillin-G and 50 μg mL^--1^ of streptomycin. Twenty-four hours before the AFM experiment, the cells were transferred into glass-bottomed Petri dishes (Willco Wells, The Netherlands). One hour prior to bacterial deposition in the Petri dish, medium was replaced by Ham's F-12K without antibiotics. For live staining imaging, 10 μM of carboxyfluorescein succinimidyl ester (CFSE green, excitation 492 nm/emission 517 nm, Molecular Probes) was added 30 min before microscopic analysis following the supplier recommendation. Correlative microscopy images were obtained on live cells incubated in prewarmed PBS.

Preparation of Hydrophobic Tips and of Hydrophobic/Hydrophilic Substrates {#sec4.2}
-------------------------------------------------------------------------

To prepare hydrophobic and hydrophilic substrates, glass coverslips were coated by electron beam thermal evaporation with a 5 nm thick Cr layer followed by a 30 nm thick Au layer. Gold surfaces were immersed overnight in solutions of 1 mM 1-dodecanethiol (Sigma) or 1 mM of 11-mercapto-1-undecanol, respectively. Samples were then rinsed with ethanol and dried under N~2~. To obtain hydrophobic tips, gold-coated cantilevers (OMLC-TR4, Olympus Ltd., Tokyo, Japan; nominal spring constant ∼0.02 N/m) were immersed for 12 h in a 1 mM 1-dodecanethiol for 12 h, rinsed with ethanol, and dried with N~2~.

Atomic Force Microscopy Imaging {#sec4.3}
-------------------------------

For imaging in air, AFM contact mode images were obtained at room temperature using a Nanoscope VIII Multimode AFM (Bruker Corporation, Santa Barbara, CA) with oxide-sharpened microfabricated Si~3~N~4~ cantilevers with a nominal spring constant of 0.01 N m^--1^ (MSCT, Bruker Corporation). Force data were analyzed using the Nanoscope software (version 8.15, Bruker) and Matlab software (version R2013b). One hundred microliters of biofilm-induced cells was put in contact with freshly cleaved mica supports mounted on steel pucks. The samples were incubated for 2 h at 37 °C, gently rinsed in three successive baths of ultrapure water (Elga, purelab water), and allowed to dry at 30 °C overnight. For imaging in liquid, bacteria were immobilized by mechanical trapping into a polycarbonate porous membrane (Millipore) with a pore size similar to the cell size. After the cell suspension was filtered, the filter was gently rinsed in M63, carefully cut (1 cm × 1 cm), attached to a steel sample puck using a small piece of double-faced adhesive tape, the mounted sample transferred into the AFM liquid cell while avoiding dewetting, and imaged under minimum applied force using MSCT cantilevers.

Chemical Force Microscopy {#sec4.4}
-------------------------

Force measurements using hydrophobic tips were performed on a Nanoscope VIII Multimode AFM (Bruker Corporation, Santa Barbara, CA) at room temperature (20 °C) in M63 complete medium. Bacteria were immobilized by mechanical trapping (see above). A single cell was first localized using a silicon nitride tip, after which the tip was exchanged with a hydrophobic tip. Adhesion and rupture length histograms were obtained by recording 32 × 32 force--distance curves on areas of 500 × 500 nm on the bacterial pole surface. All force curves were recorded with a maximum applied force of 250 pN using a constant approach and retraction speed of 1.0 μm s^--1^ and a contact time of 0.1 s.

Single-Cell Force Spectroscopy {#sec4.5}
------------------------------

For single bacterial cell force spectroscopy, cell probes were prepared using a recently developed protocol that combines colloidal probe cantilevers and bioinspired polydopamine wet adhesives.^[@ref24],[@ref43]^ Briefly, silica microspheres (6.1 μm diameter, Bangs Laboratories) were attached on triangular-shaped tipless cantilevers (NP-O10, Microlevers, Bruker Corporation) using UV-curable glue (NOA 63, Norland Edmund Optics). The cantilevers were then immersed for 1 h in a 10 mM Tris buffer solution (pH 8.5) containing 4 mg mL^--1^ dopamine hydrochloride (99%, Sigma) and dried with N~2~ flow. Single bacteria were then attached onto polydopamine-coated colloidal probes using a Bioscope Catalyst AFM (Bruker Corporation). To this end, overnight bacterial cultures were diluted to 1:100 in the corresponding medium, and 50 μL of the diluted suspension was deposited in a glass Petri dish containing hydrophobic and hydrophilic substrates or added to the Petri dish containing pneumocytes. Four milliliters of complete M63 medium and of Ham's F-12K medium without antibiotics was added for experiments on abiotic surfaces and on pneumocytes, respectively. A colloidal probe was brought into contact with an isolated bacterium for 3 min, and the obtained cell probe was then transferred over a solid substrate or a pneumocyte for further force measurements.

SCFS measurements were performed at room temperature (20 °C) using a Bioscope Catalyst AFM (Bruker AXS Corporation). The nominal spring constant of the colloidal probe cantilever was determined by the thermal noise method. For experiments on solid substrates, multiple force--distance curves were recorded on various spots of hydrophobic and hydrophilic substrates using a maximum applied force of 250 pN, a contact time of 100 ms or 1.1 s as mentioned, and constant approach and retraction speeds of 1.0 μm s^--1^. For pneumocyte experiments, multiple force--distance curves were recorded on various spots of the cell membrane using a maximum applied force of 500 pN, a contact time of 1.1 s, and retraction speeds of 1.0 or 10.0 μm s^--1^ as mentioned. The maximum downward force exerted on the cantilever is referred to as the adhesion force (measured relative to the baseline) and used to build the adhesion force histogram, whereas the last rupture peak is used to generate the rupture length histogram.
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